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Physiol 121: 917–924, 2016. First published August 25, 2016;
doi:10.1152/japplphysiol.00218.2016.—Muscle irradiation (IRR)
exposure can accompany unloading during spaceflight or cancer
treatment, and this has been shown to be sufficient by itself to induce
skeletal muscle signaling associated with a remodeling response.
Although protein kinase B/Akt has an established role in the regula-
tion of muscle growth and metabolism, there is a limited understand-
ing of how Akt signaling in unloaded skeletal muscle is affected by
IRR. Therefore, we examined the combined effects of acute IRR and
short-term unloading on muscle Akt signaling. Female C57BL/6 mice
were subjected to load bearing or hindlimb suspension (HS) for 5 days
(n  6/group). A single, unilateral hindlimb IRR dose (0.5 Gy X-ray)
was administered on day 3. Gastrocnemius muscle protein expression
was examined. HS resulted in decreased AktT308 phosphorylation,
whereas HSIRR resulted in increased AktT308 phosphorylation
above baseline. HS resulted in reduced AktS473 phosphorylation,
which was rescued by HSIRR. Interestingly, IRR alone resulted in
increased phosphorylation of AktS473, but not that of AktT308. HS
resulted in decreased mTORC1 signaling, and this suppression was
not altered by IRR. Both IRR and HS resulted in increased MuRF-1
expression, whereas atrogin-1 expression was not affected by either
condition. These results demonstrate that either IRR alone or when
combined with HS can differentially affect Akt phosphorylation, but
IRR did not disrupt suppressed mTORC1 signaling by HS. Collec-
tively, these findings highlight that a single IRR dose is sufficient to
disrupt the regulation of Akt signaling in atrophying skeletal muscle.
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NEW & NOTEWORTHY
Despite important clinical and physiological significance there
is currently limited information on how irradiation interacts
with skeletal muscle unloading. Our study examined the inde-
pendent and combined effects of acute irradiation exposure and
short-term unloading on muscle Akt signaling. We report that
an acute dose of irradiation is sufficient to alter unloading-
induced regulation of Akt signaling.
SKELETAL MUSCLE COMPRISES 40% of total body mass, and the
maintenance of this mass is critical for metabolic health and
physical function (52). Muscle mass and function is dramati-
cally influenced by mechanical loading, and disuse atrophy is
accompanied by disrupted muscle protein turnover that in-
volves suppressed protein synthesis and activated protein deg-
radation (27). Ionizing radiation exposure can accompany
spaceflight-induced unloading or cancer treatment-induced dis-
use (1, 4, 50), and has the potential to disrupt the normal
muscle responses to these stimuli (20, 25). Furthering our
understanding of the interaction of ionizing radiation with
skeletal muscle plasticity has clear clinical significance for the
health of patients with cancer and for space travel.
The serine/threonine kinase Akt, also known as protein
kinase B, plays a critical role in muscle in the successful
integration of anabolic and catabolic signaling, which are
initiated by growth factors, nutrients, and muscle use (44). Akt
activation is primarily controlled by phosphorylation at two
primary residues. The serine/threonine kinase phosphoinosit-
ide-dependent kinase 1 (PDK1) is responsible for T308 phos-
phorylation (3), whereas the rapamycin-insensitive mTOR
complex (mTORC2) can phosphorylate S473 (18). Phosphor-
ylation of S473 is responsible for the stabilization of Akt in its
active conformation state (55). Enhanced Akt signaling leads
to downstream activation of protein synthesis through the
mammalian target of rapamycin complex 1 (mTORC1) and
glycogen synthase kinase-3 (GSK3) (44). Akt directly phos-
phorylates and inhibits GSK3 at S9, leading to the activation
of eukaryotic translation initiation factor 2B (eIF2B) and pro-
tein synthesis (15, 42, 44). Additionally, Akt can indirectly
activate mTORC1 through the phosphorylation of tuberous
sclerosis 2 (TSC2), which relieves the inhibitory effects of the
TSC1/2 complex on mTORC1 and the subsequent downstream
activation of P70S6K and ribosomal protein S6 (RPS6) (30,
56). In addition to its effects on protein synthesis, Akt can also
inhibit catabolic processes through the phosphorylation and
inhibition of the forkhead box O (FOXO) transcription factor,
which regulates the expression of muscle-specific E3 ligases
atrogin-1 and MuRF-1 (36, 43, 44).
Akt is sensitive to skeletal muscle loading. Akt/mTORC1
signaling is increased during overload-induced skeletal muscle
hypertrophy (9, 49) and is decreased with muscle unloading (2,
11, 26). Akt phosphorylation is reduced at both regulatory sites
during hindlimb suspension (HS)-induced atrophy, and is ac-
companied by protein synthesis suppression and protein break-
down activation (9, 17, 34). Irradiation exposure in nonmuscle
cells induces Akt phosphorylation, which is thought to be
related to cell survival and apoptosis regulation (29, 45-47).
Ionizing radiation can promote oxidative stress to organelles,
DNA damage, and subsequent cell death (5, 10, 25). Classi-
cally, radiation was used to assess muscle satellite cell function
during overload-induced hypertrophy and muscle regeneration
(7, 10, 16, 28, 33). Studies have demonstrated that radiation
exposure can disrupt muscle morphology, production of reac-
tive oxygen species, and angiogenesis (19, 21, 32). Interest-
ingly, cyclic stretch has been shown to maintain proliferative
capacity in irradiated muscle cells, which may indicate that
loading could play a protective role in skeletal muscle and
satellite cells (13). Thus, lack of mechanical loading may
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increase a muscle’s sensitivity to irradiation, however, this has
not been investigated. Furthermore, the effect of irradiation on
muscle Akt signaling in either basal or atrophic conditions is
not well understood.
We have previously reported that skeletal muscle remodel-
ing and oxidative stress are induced by varying doses of X-ray
irradiation (25). However, the interaction of ionizing radiation
and muscle signaling during disuse atrophy has not been
clearly defined. Therefore, the purpose of this study was to
determine the effect of acute irradiation on unloading-induced
regulation of muscle Akt signaling. We hypothesized that
unloading-induced suppression of muscle Akt phosphorylation
and associated downstream signaling would be disrupted by
acute irradiation. To test this hypothesis, female C57BL/6 mice
were subjected to load bearing (LB) or HS for 5 days. On day
3, mice received a single, unilateral hindlimb irradiation dose
(0.5 Gy X-ray). Akt and downstream signaling were examined
in the gastrocnemius muscle, which underwent disuse atrophy
and has been widely studied in the disuse field (8, 9, 12). Our
results demonstrate that Akt phosphorylation at T308 and S473
in atrophying muscle is differentially affected by irradiation.
METHODS
Animals. Twelve female C57BL/6 mice 12 wk of age were pur-
chased from Charles River Laboratory (Charleston, SC) and housed at
the animal resource facility at Clemson University. Mice were single
housed, given access to food and water ad libitum, and kept on a
12:12-h light-dark cycle. The study was approved by the Institutional
Animal Care and Use Committee at Clemson University.
Experimental design. At 12 wk of age mice were randomly as-
signed and subjected to LB or HS conditions for 5 days (n 6/group).
Mice in the LB condition group were allowed normal cage ambula-
tion. In contrast, mice in the HS condition group were unloaded
during the treatment period. All mice in the study (n  12) received
a single radiation dose (0.5 Gy X-ray) to the right hindlimb on day 3
of treatment. The left hindlimb of each animal served as an intra-
animal, contralateral control (Fig. 1). Mice were killed on day 5 of
unloading treatment, 2 days following acute radiation exposure.
Hindlimb suspension. Muscle unloading was achieved by using HS
as previously described (48). Briefly, mice were anesthetized with
2.5% isoflurane, and tails were cleaned with rubbing alcohol and air
dried, covered with a light coat of benzoin tincture, and dried with a
hair dryer until the surface was tacky. Strips of elastoplast (Biersdorf,
Norwalk, CT) adhesive bandage were applied to the proximal two-
thirds of all sides of the tail and looped through a swivel attachment
mounted above the cage designed to allow the animal to move
rotationally 360° with only the forelimbs able to come into contact
with the cage floor. The animals were provided food and water ad
libitum and were monitored daily for signs of lethargy or illness.
Hindlimb irradiation. All mice received hindlimb irradiation on
day 3 of the study as previously described with slight modifications
(25, 51). While the mice were under anesthesia (1.5% isoflurane) they
were irradiated using a 150-kV industrial portable X-ray unit (Phillips
Medical Systems, Bothell WA) (51). The collimator was adjusted so
the radiation field included the proximal femur to the distal toe of the
right hindlimb. Mice received a single dose of 0.5 Gy X-ray to the
right hindlimb at a nominal dose rate of 1.37 Gy/min with an exposure
time of 0.36 min. The rest of each animal’s body was shielded from
irradiation during the entire procedure. Mice were returned to their
respective cages following the procedure upon recovery from anes-
thesia, but no loading was achieved in the HS group.
Tissue collection. On day 5 of the study mice were killed via
cervical dislocation. Hindlimb skeletal muscles were excised, snap-
frozen in liquid nitrogen, and stored at80°C until analysis. The tibia
and femur were removed, cleaned of all soft tissue, and stored for
additional analysis.
Western blot analysis. Western blot analysis was performed as
previously described (24, 41). Briefly, frozen gastrocnemius muscle
was homogenized in Mueller buffer and protein concentration was
determined by the Bradford method. Crude muscle homogenates
(10–40 g) were fractionated on 8–15% polyacrylamide gels and
transferred to polyvinylidene difluoride membranes overnight at 4°C.
Equal protein loading of the gels was assessed by Ponceau staining.
Membranes were blocked in 5% milk-TBST for 1 to 2 h at room
temperature. Primary antibodies for p-Akt (T308); p-Akt (S473); Akt,
p-RPS6 (S235/236); p-RPS6 (S240/244); RPS6, p-P70S6K (T389);
P70S6K, p-TSC2 (T1462); TSC2, p-PRAS40 (T246); PRAS40, p-
FOXO1 (S256); FOXO1, p-FOXO3 (S253); FOXO3, p-GSK3 (S9);
GSK3; atrogin-1; MuRF-1 (ECM Biosciences); and GAPDH were
incubated at 1:2,000 to 1:10,000 dilutions in 5% milk-TBST for 2 h at
room temperature or overnight at 4°C. Secondary anti-rabbit or
anti-mouse IgG-conjugated antibodies were incubated with mem-
branes at a 1:2,000 dilution in 5% milk-TBST for 1 h at room
temperature. All antibodies were purchased from Cell Signaling
Technology (Danvers, MA) unless otherwise stated. Enhanced chemi-
luminescence was used to visualize the antibody-antigen interaction
and was developed using autoradiography (Kodak, Biomax) or digital
imaging (G-Box, Syngene). Immunoblots were analyzed by measur-
ing the integrated optical density of each band using ImageJ software
(National Institutes of Health, Bethesda, MD). Data were normalized
to LB controls.
Statistical analysis. Results are reported as means SE. A repeated-
measures two-way (loading 	 irradiation) ANOVA was used to
determine differences between treatment groups. Post hoc analyses
were performed with Tukey’s multiple comparison test when
appropriate. Significance was set at P 
 0.05. Statistical analysis
was performed using SigmaStat version 3.5 (Systat Software,
Richmond, CA).
RESULTS
Effects of HS and irradiation on body weight and muscle
mass. Mice that underwent HS had higher body weight at death
compared with mice in LB group (Table 1). Despite being
heavier, mice subjected to HS had lower muscle mass irrespec-
tive of irradiation (Table 1). Similar to absolute, relative
muscle mass was decreased by HS irrespective of irradiation
(Table 1). Neither absolute or relative muscle mass was altered
by irradiation irrespective of the loading condition. Collec-
tively, these results demonstrate that 5 days of unloading
induced skeletal muscle atrophy, and that irradiation had no
Fig. 1. Experimental design. Twelve female C57BL/6 mice were assigned to
load bearing (LB) or hindlimb suspension (HS) for 5 days (n  6/group). All
mice received irradiation (IRR) (0.5 Gy X-ray) to the right hindlimb on day 3
of the study. The left hindlimb served as the nonirradiated intra-animal control.
All mice were killed on day 5 of the study.
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effect on muscle mass alone or when combined with unload-
ing.
Effects of HS and irradiation on differential Akt
phosphorylation. Gastrocnemius muscle Akt phosphorylation
was examined at the two sites (T308 and S473) known to
regulate protein turnover. HS resulted in decreased muscle
AktT308 phosphorylation (Fig. 2A), whereas the combination of
HS and irradiation blocked the reduction in muscle AktT308
phosphorylation. Irradiation alone had no effect on muscle
AktT308 phosphorylation. Similar to AktT308, HS resulted in
reduced muscle AktS473 phosphorylation (Fig. 2B), and when
combined with irradiation, AktS473 phosphorylation was re-
turned to baseline values. Interestingly, irradiation induced
AktS473 phosphorylation independent of HS. These results
demonstrate that irradiation affected unloading-induced regu-
lation of Akt at both regulatory sites. However, in the LB
condition, only AktS473 was sensitive to irradiation.
Effects of hindlimb unloading and irradiation on direct
downstream Akt targets. We next examined the effect of
irradiation on the disuse regulation of direct downstream Akt
targets in atrophying muscle. GSK3S9 phosphorylation was
not altered by HS or irradiation (Fig. 3A). Irradiation did not
alter the HS suppression of PRAS40T246 phosphorylation, and
there was no effect of irradiation alone (Fig. 3B). Irradiation
resulted in a reversal of the HS suppression of TSC2T1462
phosphorylation, whereas in LB muscle, irradiation did not
affect TSC2T1462 phosphorylation (Fig. 3C). Irradiation had no
effect on the HS-induced suppression of FOXO3S253 phosphor-
ylation (Fig. 3D), but also reduced FOXO3S253 phosphoryla-
tion independent of HS (Fig. 3D). Interestingly, irradiation
induced FOXO1S256 phosphorylation in muscle that underwent
HS (Fig. 3E). These results demonstrate that irradiation altered
the HS regulation of TSC2T1462 and FOXO1S256 phosphoryla-
tion. Additionally, muscle FOXO3S253 phosphorylation was
sensitive to irradiation independent of muscle atrophy.
Effects of hindlimb unloading and irradiation on mTORC1
signaling. We next examined whether irradiation could alter
the HS suppression of mTORC1 signaling. We first examined
the direct mTORC1 target, P70S6K. Although irradiation did
not alter the HS suppression of P70S6KT389 phosphorylation,
irradiation induced P70S6KT389 phosphorylation irrespective
of HS (Fig. 4A). Next, we examined RPS6 phosphorylation, the
direct P70S6K target involved in translation initiation and
ribosomal biogenesis. Irradiation had no effect on the HS
suppression of RPS6S235/326 and RPS6S240/244 phosphorylation
(Fig. 4, B and C). These results demonstrate that irradiation
was not sufficient to alter HS suppression of mTORC1 signal-
ing. However, muscle P70S6K phosphorylation was sensitive
to irradiation independent of atrophy.
Effects of hindlimb unloading and irradiation on muscle-
specific E3 ligase protein expression. Akt can regulate protein
breakdown through inhibition of FOXO transcriptional activa-
tion of atrogenes. Therefore, we examined the protein expres-
sion of the muscle-specific E3 ligases atrogin-1 and MuRF-1.
Although irradiation did not affect the HS induction of
MuRF-1 protein expression, irradiation was sufficient to in-
crease MuRF-1 expression in LB muscle (Fig. 5A). Muscle
atrogin-1 protein expression did not change with any loading or
irradiation condition (Fig. 5B). These results demonstrate that
skeletal muscle MuRF-1 expression, but not atrogin-1, was
sensitive to irradiation exposure in unloaded and LB condi-
tions.
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Fig. 2. Akt phosphorylation in response to unloading and irradiation.
A: representative immunoblots of AktT308, total Akt, and GAPDH in gastroc-
nemius muscle (top); quantification of phosphorylated to total Akt protein
expression (bottom). B: representative immunoblots AktS473, total Akt, and
GAPDH in gastrocnemius muscle (top); quantification of phosphorylated to
total Akt protein expression (bottom). All samples were run on the same gel.
Values are means  SE. Statistical significance was set at P 
 0.05. Data are
normalized to LB controls. *Significantly different from LB; †significantly
different from all groups; ‡significantly different from HS.
Table 1. Effect of hindlimb suspension and irradiation on
body weight and muscle mass
LB HS IRR HSIRR
Body weight, g 17.1  0.4 21.2  0.6* 17.1 0.4 21.2 0.6*
Gastrocnemius mass
Absolute, mg 74  2.4 62  2.7* 76 1.5 62  2.4*
Relative, mg/g 4.3  0.1 2.9  0.2* 4.4 0.1 2.9 0.1*
Values are means  SE. Body weight and muscle mass were measured
when animals died. Irradiation was performed on the right leg; the left leg
served as an intra-animal control. Body weights are the same for treatment
groups within the same animal. Relative muscle mass is calculated as mg of
muscle/g body weight. LB, load bearing; HS, hindlimb suspension; IRR,
irradiation. *Signifies main effect of HS.
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Fig. 3. Direct downstream targets of Akt signaling in response to unloading and irradiation. A: representative immunoblots of GSK3S9, total GSK3, and
GAPDH in gastrocnemius muscle (top); quantification of phosphorylated to total GSK3 protein expression (bottom). B: representative immunoblots of
PRAS40T246, total PRAS40, and GAPDH in gastrocnemius muscle (top); quantification of phosphorylated to total PRAS40 protein expression (bottom).
C: representative immunoblots of TSC2T1462, total TSC2, and GAPDH in gastrocnemius muscle (top); quantification of phosphorylated to total TSC2 protein
expression (bottom). D: representative immunoblots of FOXO3S253, total FOXO3, and GAPDH in gastrocnemius muscle (top); quantification of phosphorylated
to total FOXO3 protein expression (bottom). E: representative immunoblots of FOXO1S256, total FOXO1, and GAPDH in gastrocnemius muscle (top);
quantification of phosphorylated to total FOXO1 protein expression (bottom). All samples were run on the same gel. Values are means  SE. Statistical
significance was set at P 
 0.05. Data are normalized to LB controls. Dashed lines indicate adjacent lanes were cropped for representative immunoblots. #Main
effect of HS; &main effect of irradiation; †significantly different from all groups.
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DISCUSSION
Significant progress has been made in our understanding of
the cellular signaling that regulates muscle protein turnover
during unloading-induced atrophy. However, there is little
direct information on how irradiation could affect this atrophy
signaling in muscle. Individuals can be exposed to a combina-
tion of muscle unloading and irradiation during spaceflight or
with disuse associated with cancer treatment. Thus, an im-
proved understanding of the radiation-sensitive cellular re-
sponses in unloaded muscle could provide insight into preven-
tive or therapeutic treatments that could avoid deleterious
outcomes. Our study reports the novel finding that irradiation
can alter muscle cellular regulation induced by unloading.
Specifically, we found that irradiation altered the unloading
suppression of Akt phosphorylation at two different regulatory
sites. Downstream of Akt we also found that irradiation af-
fected the unloading suppression of TSC2 phosphorylation and
the induction of FOXO1 phosphorylation. Furthermore, we
also found that irradiation was sufficient to induce Akt signal-
ing pathways in LB muscle. Irradiation-sensitive targets in LB
muscle included Akt, P70S6K, and MuRF-1. Collectively,
these results demonstrate that acute irradiation can alter un-
loading-induced muscle Akt signaling, and further work is
justified to determine the functional and metabolic ramifica-
tions of these changes.
Akt has emerged as a critical regulator of muscle mass
through the activation of protein synthesis and inhibition of
protein degradation (9, 38, 44). Whereas increased mechanical
loading is associated with Akt activation, reductions in both
phosphorylation sites (S473 or T308) have been observed
during unloading-induced muscle atrophy (9, 22, 34). Al-
though we also report that during the initiation of disuse
atrophy muscle Akt phosphorylation was suppressed at both
sites, the interactive effects between irradiation and unloading
also involve both Akt T308 and S473 phosphorylation sites.
Because this interaction occurred at the onset of atrophy and
without any additive effect on muscle mass loss, further re-
search is needed to determine whether there is any additional
effect on either the degree of atrophy with long-term disuse or
the ability to recover muscle mass upon reloading. Interest-
ingly, Akt S473 phosphorylation was also induced by irradia-
tion alone, making this phosphorylation site independently
sensitive to either unloading or irradiation. Phosphorylation of
Akt S473 is a downstream target of mTORC2 (18) and is
responsible for the stabilization of Akt in its active conforma-
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Fig. 4. Mammalian target of rapamycin complex 1 (mTORC1) signaling in response to unloading and irradiation. A: representative immunoblots of P70S6KT389,
total P70S6K, and GAPDH in gastrocnemius muscle (top); quantification of phosphorylated to total P70S6K protein expression (bottom). B: representative
immunoblots of rpS6S240/244, total rpS6, and GAPDH in gastrocnemius muscle (top); quantification of phosphorylated to total rpS6 protein expression (bottom).
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expression (bottom). All samples were run on the same gel. Values are means  SE. Statistical significance was set at P 
 0.05. Data are normalized to LB
controls. Dashed lines indicate adjacent lanes were cropped for representative immunoblots. #Main effect of HS; &main effect of irradiation.
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Fig. 5. Muscle E3 ligase protein expression in response to unloading and
irradiation. A: representative immunoblots of MuRF-1 and GAPDH in gastrocne-
mius muscle (top); quantification of total MuRF-1 protein expression (bottom).
B: representative immunoblots of atrogin-1 and GAPDH in gastrocnemius muscle
(top); quantification of total atrogin-1 protein expression (bottom). All samples
were run on the same gel. Values are means SE. Statistical significance was set
at P
 0.05. Data are normalized to LB controls. *Significantly different from LB;
†significantly different from all groups.
921Irradiation and Skeletal Muscle Disuse Atrophy • Fix DK et al.
J Appl Physiol • doi:10.1152/japplphysiol.00218.2016 • www.jappl.org
Downloaded from www.physiology.org/journal/jappl at Univ of North Carolina Chapel Hill (152.002.071.053) on August 14, 2019.
tion state (55). mTORC2-dependent signaling plays critical
roles in cellular processes related to cell survival and metabo-
lism (31), which may account for why irradiation alone did not
involve atrophic changes. This signaling response may be
involved in radiation-induced oxidative stress and remodeling,
which has been previously found in irradiated muscle (25).
Further research is needed to determine the physiological and
functional ramifications of disrupted Akt phosphorylation dur-
ing the onset of unloading-induced atrophy.
mTORC1 has emerged as a critical regulator of muscle
protein synthesis, and this signaling pathway can be regulated
by Akt activity (44). Akt/mTORC1 signaling is suppressed
during the initial stages of disuse atrophy (17, 26). In line with
these observations, unloading resulted in reduced phosphory-
lation of direct Akt targets PRAS40 and TSC2, which corre-
sponded with reduced mTORC1 signaling through P70S6K
and RPS6 phosphorylation. Interestingly, there were differen-
tial effects of irradiation on the regulation of this load-sensitive
signaling. Irradiation relieved suppressed TSC2 phosphoryla-
tion in atrophying muscle, but did not alter the suppression of
PRAS40 or mTORC1 downstream signaling. The metabolic
and growth significance related to the differential sensitivity of
Akt targets to irradiation requires further study. Furthermore,
irradiation in weight-bearing muscle resulted in increased Akt
S473 phosphorylation, with no corresponding change in direct
Akt targets. Irradiation has been shown to induce Akt phos-
phorylation in nonmuscle cells (29, 45–47), and this activation
may be related to radioprotective signaling pathways that
regulate cell survival and apoptosis. Nonetheless, although we
found that irradiation could increase P70S6K phosphorylation
independent of atrophy, there was no effect on its downstream
target, RPS6. These findings corroborate previously published
results reporting that acute irradiation is not sufficient to reduce
LB muscle mass in mice (25). It is intriguing to speculate that
loading may be protective to the effects of irradiation in
muscle; cyclic stretch has been shown to reduce the negative
consequences of irradiation to cultured muscle cells (10, 13).
These findings provide a rationale for further examining the
potential beneficial effects of mechanical signaling in muscle
subjected to radiation exposure.
Akt can also regulate muscle mass through phosphorylation
and inhibition of the FOXO family of transcription factors.
Indeed, disuse atrophy is associated with FOXO activation and
increased atrogene expression (17, 35, 37, 54). During the
initiation of disuse atrophy, FOXO3 phosphorylation, but not
that of FOXO1, was suppressed, and this was associated with
increased MuRF-1 protein expression. Irradiation did not alter
the unloading response of FOXO3. However, FOXO3 was a
target of irradiation in LB muscle. The activation of FOXO3
appeared to be independent of classical Akt regulation (9),
which may further support that concept that Akt S473 activa-
tion reflects radiation-sensitive pathways that are uncoupled
from the regulation of skeletal muscle mass. Oxidative stress
has been reported to enhance FOXO transcriptional activity in
skeletal muscle (14, 40), and we have previously demonstrated
that irradiation can induce oxidative stress independent of
alterations in LB muscle mass (25). Further research is needed
to mechanistically determine whether radiation promotes oxi-
dative stress during the initiation of disuse atrophy.
It is well established that exposure to irradiation can alter
rodent skeletal muscle response to overload-induced hypertro-
phy or injury (16, 28, 33, 39), and can induce remodeling in LB
mouse muscle independent of reductions in muscle mass (6,
25, 45). It has also been recently demonstrated in the nonlo-
comotive laryngeal muscle that radiation-induced myofiber
atrophy, which coincided with myosin heavy chain loss and
increased MuRF-1 protein expression (23). As briefly dis-
cussed, irradiation and unloading both independently resulted
in induced MuRF-1 protein expression. It has been reported
that FOXO transcriptional activity may not be required for
MuRF-1 expression during the initiation of disuse atrophy
(53); whether this regulation could occur in response to irra-
diation is not certain. Nonetheless, our results demonstrate that
FOXO and MuRF-1 activation are targets of irradiation stim-
uli. These results suggest that irradiation does not exacerbate
the unloading induced changes in muscle protein turnover
signaling.
Conclusion. In summary, we demonstrate that unloading can
alter a muscle’s sensitivity to irradiation. We report the novel
finding that acute irradiation can disrupt unloading-induced
regulation of muscle Akt and downstream signaling. This was
evident by the irradiation induction of Akt phosphorylation in
unloaded skeletal muscle. We also report that the direct Akt
targets TSC2 and FOXO1 were sensitive to the combination of
unloading and irradiation. Additionally, irradiation suppressed
FOXO3 activation independent of Akt and unloading. Interest-
ingly, although MuRF-1 was the primary E3 ligase that was
activated during the initiation of disuse atrophy, it was also
sensitive to irradiation in LB muscle. Our results have impor-
tant implications for understanding the effect of irradiation
exposure on muscle growth and metabolic signaling, and also
provide a rationale for the need to further define the interaction
of mechanical signaling and irradiation sensitivity.
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